1-Introduction -Despite the apparent simplicity, an adequate quantitative explanation of the composition-dependence of the density of alkali and alkaline earth silicates does not exist. One of the most successful empirical correlations stems from the work of Huggins [1] who expresses the volume/atom of oxygen, V D , as a sum of contributions from component oxides. In a glass of molar composition XMJJOC l~x)Si02, where M is a 'glass-modifying' cation (1) Here Ng£ and Ny are the number of Si and M atoms per oxygen: Ng£ = (l-x)/2-x) and N M = nx/ (2-x) .
For each glass-modifying
oxide, c M is essentially independent of N M over the glass-forming range, whereas bg£ and cg^ are composition-dependent.
In a study of the density of binary metallic glasses [2] it has been shown that it is preferable to divide the total volume (available to all the atoms) by the number of atoms of the largest element, rather than try to partition the volume into contributions from elements of each type. Changes in density with composition are revealed by changes in V 0 or in the oxygen atom packing fraction, n 0 = 4TTR 0 /3V 0 where R 0 is the radius of the oxygen atom. Figure 1 shows values of V 0 for a number of silicate glasses and crystals and, in the lower part of the diagram, contributions to V 0 from the silicon-oxygen framework V o (Si,0). The immediate interpretation of the composition dependence of V Q (Si,0) is of an open arrangement of oxygen ions in the silica-rich glasses, n 0 = 0.43 at x = 0 (R 0 = 1.33 2 -an average value for crystalline metasilicates and disilicates;. The packing fraction increases towards a value consonant with cubic close-packing for x = 0.7. Addition of modifier atoms causes dilatation of the anionic sublattice in proportion to the atom fraction of M and, qualitatively, to atom size.
Two questions emerge. Firstly, can the composition-dependence of V o (Si,0) be quantitatively understood in terms of candidate structures for silicate glasses? Secondly, is it possible to relate the dilatation due to a glass modifier atom to its ionic radius?
The close correspondence between V Q for crystals and glasses shown in fig. 1 suggests some degree of equivalence in the structure of the two phases. Equivalence at the level of local structure would imply a densely packed array of non-bridging oxygen ions around the M cation. In the limit of very small M ions, close-packed oxygen planes are envisaged. Lithium silicates approach this situation with Li + ions lying within distorted (and dilated) 0~ tetrahedra. Since c-Li2Si03 and Na2Si03 can be considered as distorted wurtzite, (W) structures [3] , crystalline silicates in the composition range 0 < x < 0.5 can be visualised in terms of a progression from W-lithium metasilicate to W-Si02(tridymite) . Figure 2 1) As x i n c r e a s e s , t h e proportion of 0 atoms i n t h e densely packed r e~i o n s surroundi n g M atoms i n c r e a s e s . For the F7-Li2Si203 s t r u c t u r e , oxygens a r e close-packed, i . e . 0, = 0.74 a t x = 0.5. 2) Since a l k a l i and a l k a l i n e e a r t h c a t i o n s a r e too l a r g e t o f i t w i t h i n r e g u l a r t e t r ah e d r a l i n t e r s t i c e s , the hcp 0-s u b l a t t i c e i s d i l a t e d , r e s u l t i n g i n a s e p a r a t i o n of 0-i o n s normal t o t h e c-axis chains.
3) Oxygen atoms a r e n o t close-packed along the c-axis, however. The d e v i a t i o n from close-packing -corresponding t o any oxygen bond angle, E = 109.5" -i s small f o r Li2Si03 (E = 124') and i n c r e a s e s a s M becomes l a r g e r ( E = 134O i n Na2Si03). (The oxygen bond angle i s c l e a r l y n o t simply represented as a geometrical 'hard-sphere' d i l a t a t i o n -Si-0 and M-0 d i r e c t i o n a l bonding i s involved a l s o . Moreover i n the pyroxenes, v a r i a t i o n s i n conformation of the m e t a s i l i c a t e chains a r e a l s o r e l a t e d t o cation s i z e . ) 4) Two-and three-dimensional Si-0 s u b s t r u c t u r e s s u f f e r more extensive d i s t o r t i o n i n o r d e r t o s a t i s f y t h e coordination requirements of the modifier.
In Na2Si205 and Li2Si205, M atoms a r e again contained w i t h i n densely packed s h e e t s of 0-ions and t h e r e i s a l s o an apparent c a t i o n i c s i z e e f f e c t on E along the ' m e t a s i l i c a t e ' chain. (E = 128' and 139" i n Li2Si205 and Na2Si205).
I n a d d i t i o n , s i g n i f i c a n t d i s t o r t i o n of t h e corrugated s h e e t s i s necessary t o produce the ( d i l a t e d ) t e t r a
h e d r a l coordination o f L i ( f i g . 2c). The a s s o c i a t e d s t r a i n i n t h e Si-0 s u b l a t t i c e may be considerable and Dent-Glasser (4
) has suggested t h a t t h e non-existence o f c q s t a l l i n e s i l i c a t e s of
small, h i g h l y charged c a t i o n s such a s ~g + + o r ~a + + may be r e l a t e d t o an i n a b i l i t y of t h e Si205-s h e e t s t o pucker s u f f i c i e n t l y t o meet the coordination requirements of these i o n s . As M become l a r g e r , the l a t t i c e becomes more open and n 0.4 f o r Na2Si205. The s i z e of M thus h a s an important e f f e c t on t h e volume occupied by the corrugated s h e e t .
I n the following s e c t i o n s we consider each of these f a c t o r s i n t u r n . Vo (Si ,0) c a l c u l a t e d from eqn. (2) i s shown i n f i g . 3 , t o g e t h e r with values f o r c-Na2SiOg and Li2SiOg. Agreemnt i s e x c e l l e n t . Also shown i s t h e value o f Vo(Si,O) c a l c u l a t e d from Huggins' r e l a t i o n (eqn. 1). The value corresponds t o densely-packed 0-s h e e t s with a mean oxygen angle of E 137" -a value t y p i c a l of many pyroxene s t r u c t u r e s . W e can now i d e n t i f y f o u r f a c t o r s dependence of Vo i n s i l i c a t e s : value corresponds t o a value of E -136".
Fig. 2 : Schematic r e p r e s e n t a t i o n of t h e progression from the metas i l i c a t e l a t t i c e (a) through d i s i l i c a t e s b) and c) t o t r i d y m i t e (d). Each s t e p i s marked by t h e condensation (through removal o f non-bridging oxygens) of m e t a s i l i c a t e chains which a r e normal t o t h e plane o f the diagram. a) corresponds t o t h e (x,y
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Comparison with experiment r e q u i r e s an e s t i m a t e of t h e i n c r e a s e i n p due t o Li and Na ions. This i s c a l c u l a t e d as described below and corresponding values of V(Si,O) a r e a l s o shown i n f i g . 3. Agreement with experimental d a t a i s again e x c e l l e n t . 4. I n t e r and i n t r a p l a n a r expansion due t o network-modifying c a t i o n s W e assume t h a t c a t i o n s M (~~) + push a p a r t t h e close-packed planes of 0 atoms leading to a volume i n c r e a s e AV p e r formula u n i t . AV w i l l depend on t h e radius of M, RM : AV = n/2 f (RM). Thus AVO(V) = xA~/(2-x) = nx f ( q 4 ) / 2 (2-x) = Ns; f ( R~) 12.
Conclusions f o
The i n t e r and i n t r a p l a n a r expansions can be c a l c u l a t e d from ceometrical considera t i o n s f o r m e t a s i l i c a t e s and d i s i l i c a t e s w i t h t h e assumption of t e t r a h e d r a l coo r d i n a t i o n of M.
Results a r e given i n t h e t a b l e . Agreemnt with e x p e r i w n t a l measurements f o r the c r y s t a l l i n e s i l i c a t e s i s e x c e l l e n t .
I n t r a p l a n a r I n t e r p l a n a r Vo(Si ,O) expansion expansion V, M Total Vo Vo exp.
Implications f o r a l k a l i s i l i c a t e glasses
It i s l i k e l y t h a t the e s s e n t i a l f e a t u r e s of t h i s a n a l y s i s w i l l apply t o g l a s s e s a l s o and t h e following conditions appear probable. 1) Modifying c a t i o n s a r e surrounded by densely-packed 0-i o n s . (There i s no support f o r t h e n o t i o n t h a t c a t i o n s f i t w i t h i n h o l e s i n the Si-0 framework. ) 2) To achieve t h i s , c a t i o n s must probably l i e w i t h i n well-defined channels -not n e c e s s a r i l y s t r a i g h t b u t connected. Thus M-0 and M-M dist r i b u t i o n s should be r e l a t i v e l y narrow. 3) I t i s d i f f i c u l t t o s e e how the puckering of Si205 s h e e t s can be achieved i n a-Li2Si205 f o r example unless s h e e t s extend over distances of perhaps 20 -30 f. i n each d i r e c t i o n .
Close packing of 0 atoms around Li almost cert a i n l y r e q u i r e s e x t e n s i v e cooperative atomic arrangements which would become i n e f f i c i e n t i f mediumrange o r d e r were t o vanish.
The p i c t u r e of g l a s s e s which emerges from t h i s work i s r a d i c a l l y d i f f e r e n t from t h a t suggested by random network models. The emphasis i s s h i f t e d towards models i n which t h e requirements imposed by the modifier c a t i o n ' s coordination s h e l l e x e r t an importantp o s s i b l y a dominant -influence on the conf i g u r a t i o n of the Si-0 s u b s t r u c t u r e and n o t the r e v e r s e as previously thought. 
